Synaptic transmission and excitability in Aplysia sensory neurons (SNs) are bidirectionally modulated by 5-HT and FMRFamide. To explore the regional distribution of different functional receptors that modulate SN properties, we examined changes in synaptic efficacy and excitability with brief focal applications of the neuromodulators to different regions of SNs that have established connections with motor cell L7 in culture. Short-term changes in synaptic efficacy were evoked only when 5-HT or FMRFamide was applied to regions with SN varicosities along the surface of L7 axons. Applications to adjacent SN neurites with few varicosities in contact with L7 axons failed to evoke a significant change in synaptic efficacy. The distribution of functional receptors mediating changes in excitability differed for 5-HT and FMRFamide. Whereas excitability increases were evoked only when 5-HT was applied to SN cell bodies, excitability decreases in SNs were evoked only when FMRFamide was applied to regions along the L7 axon with SN varicosities. Without the target cell, cell bodies of SNs expressed both 5-HT and FMRFamide receptors that modulate excitability. These results indicate that functional G-proteincoupled receptors for two neuromodulators are distributed differentially along the surface of a presynaptic neuron that forms chemical connections in vitro. This differential distribution of receptors on the presynaptic neuron is regulated by a target and does not require the physical presence of neurons that release the neuromodulators.
Synaptic transmission and excitability in Aplysia sensory neurons (SNs) are bidirectionally modulated by 5-HT and FMRFamide. To explore the regional distribution of different functional receptors that modulate SN properties, we examined changes in synaptic efficacy and excitability with brief focal applications of the neuromodulators to different regions of SNs that have established connections with motor cell L7 in culture. Short-term changes in synaptic efficacy were evoked only when 5-HT or FMRFamide was applied to regions with SN varicosities along the surface of L7 axons. Applications to adjacent SN neurites with few varicosities in contact with L7 axons failed to evoke a significant change in synaptic efficacy. The distribution of functional receptors mediating changes in excitability differed for 5-HT and FMRFamide. Whereas excitability increases were evoked only when 5-HT was applied to SN cell bodies, excitability decreases in SNs were evoked only when FMRFamide was applied to regions along the L7 axon with SN varicosities. Without the target cell, cell bodies of SNs expressed both 5-HT and FMRFamide receptors that modulate excitability. These results indicate that functional G-proteincoupled receptors for two neuromodulators are distributed differentially along the surface of a presynaptic neuron that forms chemical connections in vitro. This differential distribution of receptors on the presynaptic neuron is regulated by a target and does not require the physical presence of neurons that release the neuromodulators.
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The expression and distribution of neurotransmitter receptors are critical for information transfer between neuron and target. Synapse formation is accompanied by the correct apposition of presynaptic transmitter release sites and postsynaptic membrane with a high density of ionotropic receptors. This process appears to be mediated by a complex set of reciprocal interactions via diffusible or contact-mediated signals between presynaptic neuron and postsynaptic target (Anderson and Cohen, 1977; Frank and Fischbach, 1979; McMahan and Wallace, 1989; Falls et al., 1990; Zoran et al., 1990; Hall and Sanes, 1993; Dan and Poo; Drapeau et al., 1995) . Neurons also contain other types of neurotransmitter receptors, such as those coupled via G-proteins to second-messenger cascades, that can modulate synaptic transmission and/or membrane excitability. How is the distribution of these receptors regulated? Are different receptors on a given neuron distributed in similar ways? Is the appropriate distribution of G-protein-coupled receptors regulated by interactions with neurons that synthesize and release the neuromodulator?
Many sensory neurons (SNs) of Aplysia appear to utilize amino acids to evoke fast excitatory responses in follower cells (Dale and Kandel, 1993; Trudeau and Castellucci, 1993; Gapon and Kupfermann, 1996) . Synaptic transmission from SN terminals can undergo short-term bidirectional changes via the release from interneurons of transmitters such as 5-HT (facilitation) and FMRFamide (depression) that act as neuromodulators of SN properties (Brunelli et al., 1976; Belardetti et al., 1987; Glanzman et al., 1989b; Mackey et al., 1989; Rosen et al., 1989; Small et al., 1992; Xu et al., 1994) . Both 5-HT and FMRFamide also evoke changes in SN excitability Critz et al., 1991) . Short-term changes in synaptic efficacy require the presence of 5-HT and FMRFamide in the general region of SN terminals, whereas short-term excitability increases require the actions of 5-HT in the general region of the SN cell body (Clark and Kandel, 1984; Hammer et al., 1989; Clark and Cooper, 1993; Emptage and Carew, 1993) . These neuromodulators activate second-messenger cascades in SNs that affect both ion channel conductances and transmitter release processes (Castellucci et al., 1980; Klein et al., 1980; Bernier et al., 1982; Siegelbaum et al., 1982; Occor and Byrne, 1985; Hochner et al., 1986; Belardetti et al., 1987; Piomelli et al., 1987; Baxter and Byrne, 1989; Buttner et al., 1989; Braha et al., 1990; Saktor and Schwartz, 1990; Pieroni and Byrne, 1992; Sossin and Schwartz, 1992; Sugita et al., 1992; Byrne and Kandel, 1996) . Because the terminals and cell body are distant from each other, second-messenger-mediated changes affecting synaptic transmission at SN terminals and excitability changes at the cell body may require the local actions of the modulatory neurotransmitters. In addition, recent in vivo and in vitro studies indicate that at least two types of 5-HT receptors are expressed by SNs and that they contribute differentially to plasticity of SN properties (Mercer et al., 1991; Emptage and Carew, 1993; Li et al., 1995; Sun and Schacher, 1996) . These studies, however, did not examine the relative distribution of the 5-HT receptor subtypes or FMRFamide receptors along the surface of the SN cell body, axon, neurites, and terminals or how the distributions are regulated.
To explore the distribution of G-protein-coupled receptors on the surface of SNs, we examined short-term changes in synaptic efficacy and excitability evoked by brief focal applications of 5-HT and FMRFamide on different regions of the SNs (cell body, axon, regenerated neurites, and terminal varicosities) that have established synaptic contacts along the axons of motor cell L7 in cell culture. Short-term changes in synaptic efficacy were evoked only when the neuromodulators were applied to regions with SN varicosities. Excitability was increased only when 5-HT was applied to the SN cell body. By contrast, excitability was decreased only when FMRFamide was applied to regions with SN varicosities. The distribution of functional FMRFamide and 5-HT receptors on SN cell bodies was regulated by the target motor cell. These results, and those recently reported on the time-dependent expression of functional 5-HT receptors in culture (Sun and Schacher, 1996) , indicate that functional G-protein-coupled receptors mediating plasticity are enriched at specific locations along the regenerated neurites and varicosities of SNs. The distribution of functional receptors on SNs is neuromodulatorspecific and is regulated by interaction with a target neuron, but it does not require direct interaction with interneurons that release the neuromodulators.
MATERIALS AND METHODS
Cell culture. Mechanosensory neurons (SNs) of Aplysia were isolated from the pleural ganglion dissected from adult animals (70 -100 gm) and cocultured with identified motor cell L7 isolated from the abdominal ganglion of juvenile animals (1-3 gm; University of Miami Aplysia Mariculture Facility) and maintained for 4 d as described previously (Schacher, 1985; Rayport and Schacher, 1986; Glanzman et al., 1989a; Goldberg and Schacher, 1996) . Individual cells were isolated with an intact segment (100 -800 m) of their original axons (Schacher and Proshansky, 1983) . Each culture contained a single SN with an L7. Individual SNs were plated in some of the same dishes as the cocultures but in a location distant from the interacting cells. These SNs were used to measure changes in excitability in the absence of a target. Cells were allowed to grow processes for 4 d to permit the establishment of stable synaptic contacts and neuritic arbors (Montarolo et al., 1986; Glanzman et al., 1990) .
Electrophysiology. The stimulation and recording techniques for measuring neuromodulator-induced changes in the amplitude of the EPSP evoked in L7 (synaptic efficacy) for both nondepressed and depressed SN-L7 connections and for monitoring changes in electrical excitability of SNs in culture have been described previously (Montarolo et al., 1986 (Montarolo et al., , 1988 Dale et al., 1987 Dale et al., , 1988 Sun and Schacher, 1996) . To monitor changes in EPSP amplitude, the motor cell was impaled with a microelectrode (15-20 M⍀) containing 2.0 M K-acetate, 0.5 M KCl, and 10 mM K-HEPES, pH 7.4, and was held at a potential of Ϫ85 mV to permit accurate measurement of the amplitude of the EPSP. Synaptic potentials were evoked in L7 by stimulating each SN with a brief (0.4 -0.6 msec) depolarizing pulse using an extracellular electrode placed near the cell body of the SN. For measuring changes in efficacy at nondepressed synapses, EPSP amplitudes were measured both 10 min before and 15 sec after brief focal applications of neuromodulator (see below). The effects of focal applications of neuromodulators on depressed synapses were measured 10 sec after a 20 sec application of neuromodulator after first producing homosynaptic depression of the connection with 10 -12 stimuli to the SN at 30 sec intervals (Sun and Schacher, 1996) . These stimuli depress the EPSPs to ϳ30% of their initial value. We also measured neuromodulator-induced changes in postsynaptic conductance at two holding potentials (Ϫ60 and Ϫ80 mV). Constant-current pulses (Ϯ0.2 nA, 2 sec duration) at 5 sec intervals were given to L7 in SN-L7 cultures before, during, and after a 25 sec application of neuromodulator to a region along the L7 axon with a high density of SN varicosities. Changes in SN excitability were determined by monitoring the number of action potentials evoked in SNs held at the resting potential (Ϫ40 to Ϫ48 mV) by a 500 msec depolarizing current pulse via intracellular electrodes (see above) before and 10 sec after focal application of neuromodulator. Successive current pulses were given at 1 min intervals. To measure increases in excitability with 5-HT, the initial current level was adjusted before treatment to the threshold for evoking a single action potential. To measure the decrease in excitability with FMRFamide, the initial current level was adjusted for each SN to 50% above the threshold level for evoking a single action potential. Changes in excitability reversed within 1 min of neuromodulator application.
Dye injection and imaging SN neurites and varicosities. One hour before recording the initial amplitude of the EPSP, fluorescent dye 5(6)-carboxyfluorescein (Molecular Probes; 6% in 0.44 M KOH, pH ϭ 7.0) was injected into the SN with 0.4 -0.6 nA hyperpolarizing current pulses (500 msec at 1 Hz) for 5-6 min (Glanzman et al., 1989a) . Phase-contrast and fluorescent images of the same view areas along the major axon of the motor cell were taken to map out the location of SN varicosities and neurites to identify appropriate zones for focal applications of the neuromodulators. A Nikon Diaphot microscope with an SIT (Dage) video camera linked to a Dell 310 computer with a PC Vision Plus frame grabber was used to process and store the images for subsequent electrophysiological examination. Images were subsequently stored on a Storage Dimension or Panasonic optical disk drive. Illumination used for obtaining fluorescent images was kept as low as possible to prevent photodamage. Micrographs of the images were made with a Panasonic or Sony video printer.
Transmitter applications. Transmitters were applied focally by pressure ejection via micropipette containing solutions of the neuromodulators in perfusion medium [1:1 by volume of L-15 medium (Sigma, St. Louis, MO) with appropriate salts added to reflect marine environment of Aplysia and seawater (Instant Ocean) (Montarolo et al., 1988) ] with 0.02% Fast Green to visualize the location of the stream (Stoop and Poo, 1995 ) (see Fig. 1 ). A second micropipette attached to a vacuum was positioned near the ejection pipette for rapid removal of neuromodulator. The width of the stream across the selected region of interest was controlled by the pressure used to eject solutions, the placement of the pipettes containing the neuromodulator and the one attached to the vacuum used to remove the neuromodulator (see Fig. 1 ) (Stoop and Poo, 1995) . The widths of the streams used in this study were 40 -60 m. This method could be used to generate streams as small as 5 m. The neuromodulators were applied while L7 was maintained at the resting potential (range Ϫ55 to Ϫ62 mV) to one of four areas: regions containing SN varicosities or SN neurites (e.g., Fig. 1 A, B) as determined by the epifluorescent and phase-contrast images; the SN cell body (Fig. 1C) ; and initial axon segment of the SN (Fig. 1 D) . Applications of the neuromodulators to regions with SN varicosities or adjacent neurites in contact with the axon of L7 occasionally (ϳ20% of cultures) evoked small (Ϯ1-2 mV) transient changes in L7 membrane potential. In addition, little or no detectable changes in L7 membrane conductance (0 to Ϯ10%) were evoked by 5-HT (n ϭ 4 cocultures) or FMRFamide (n ϭ 4 cocultures) applied to the motor axon that contained SN varicosities at the different holding potentials. The micropipettes for ejecting neuromodulators contained either 50 M 5-HT (Sigma) or 10 M FMRFamide (Peninsula). Ejections lasting 20 -25 sec were used to generate changes in synaptic efficacy and excitability. In some cultures, we applied neuromodulator to some regions for up to 60 sec (see Results). Results obtained with the long applications were pooled with results of the short applications. Changes in efficacy of nondepressed synapses or in excitability were measured 10 -15 sec after application, whereas changes in efficacy of depressed synapses were tested with two stimuli at the designated 30 sec intervals (the first stimulus was ϳ10 sec after application of neuromodulator).
Analysis of data. All data are represented as mean Ϯ SEM. ANOVAs (one-or two-factor) followed by corrected multicomparison tests (Dunnett's or Scheffe's F test) were used to measure significance of differences between control and experimental groups or between specific experimental groups.
RESULTS

Neuromodulators evoke changes in synapse efficacy only when applied at or near SN varicosities
Synapses between SN and motor cell L7 form rapidly in cell culture and are stable by day 4 in culture (Glanzman et al., 1990; Bank and Schacher, 1992; Zhu et al., 1994) . Evidence indicates that SN varicosities in contact with the main motor axon are the primary sites of synaptic interaction. The number of SN varicosities in contact with the motor cell axon correlates with the efficacy of the synapse as the connections between the cells are established and stabilized during the first 4 d in culture (Glanzman et al., 1989a (Glanzman et al., , 1990 Schacher and Montarolo, 1991; Bank and Schacher, 1992; Sun and Schacher, 1996) . Stable SN synapses show multiple forms of short-term heterosynaptic plasticity-presynaptic facilitation with bath applications of 5-HT (Rayport and Schacher, 1986; Dale and Kandel, 1990; Schacher et al., 1990; Sun and Schacher, 1996) and presynaptic depression with bath applications of FMRFamide Montarolo et al., 1988; Dale and Kandel, 1990 )-and will undergo a long-term change (Ͼ24 hr) when the cultures are treated with repeated bath applications of 5-HT or FMRFamide (Montarolo et al., 1986 (Montarolo et al., , 1988 Schacher et al., 1990) . The long-term changes in synapse efficacy evoked by 5-HT or FMRFamide are accompanied by changes in the number of SN varicosities contacting the motor axon (Glanzman et al., 1990; Schacher and Montarolo, 1991) . SN varicosities in contact with the major axon of L7 either that form by day 4 in culture or that form after treatments with 5-HT evoking long-term facilitation contain transmitter release sites (Glanzman et al., 1989a; . We therefore examined whether changes in synaptic efficacy after brief focal applications of 5-HT or FMRFamide are evoked when neuromodulators are applied to specific sites of SN-L7 interaction (see Fig. 1 ), including sites along the L7 axon that have a high or a low density of SN varicosities. Intracellular injection of dye into each SN was used to map the location of SN varicosities along the motor axon (Glanzman et al., 1989a (Glanzman et al., , 1990 Bank and Schacher, 1992) .
Brief application of 5-HT or FMRFamide to a region on the motor axon containing a high density of SN varicosities (6 -12 varicosities in a 50 m zone along the motor axon) evoked facilitation or depression, respectively (Figs. 2, 3) . After visualizing the location of the SN varicosities (Fig. 2 A, B) , 5-HT applied to regions with SN varicosities evoked a significant increase in EPSP amplitude (t ϭ 7.04; p Ͻ 0.006) of 45.5 Ϯ 9.7% (Zone 1 in Fig. 2 ; n ϭ 4 cultures). No significant change was evoked with application of 5-HT for up to 60 sec to nearby regions of L7 axon that contained the proximal and contiguous SN neurites with few if any SN varicosities (0 -3) (Ϫ5.4 Ϯ 3.1%; Zone 2 in Fig. 2) . A parallel result was obtained with applications of FMRFamide. Brief applications to a region with a high density of SN varicosities (Zone 1 in Fig. 3 ; n ϭ 4 cultures) evoked a significant depression (t ϭ 12.411; p Ͻ 0.002) of Ϫ53.9 Ϯ 3.3% in the amplitude of the EPSP compared to a change of Ϫ15.7 Ϯ 5.6% when applied for up to 60 sec to an adjacent region with SN neurites but few varicosities (Zone 2 in Fig. 3 ). These focal applications of neuromodulators (n ϭ 4 for each neuromodulator) failed to evoke any significant change (from 0 to Ϯ10%) in the membrane conductance of L7. This is consistent with previous studies (Klein et al., 1980; Dale and Kandel, 1990) indicating that both neuromodulators evoke changes in synaptic efficacy primarily via actions that alter transmitter release from SN terminals.
Applications of the neuromodulators to the SN cell bodies failed to evoke a change in synaptic efficacy of nondepressed SN connections (Fig. 4) . The EPSP amplitudes showed slight declines after brief applications of control solution (perfusion medium plus 0.02% Fast Green; n ϭ 5) to the region with SN varicosities and the SN cell body (Ϫ17.8 Ϯ 3.1% and Ϫ18.6 Ϯ 3.6%, respectively). Images from two focal planes were superimposed to identify all SN varicosities. Zone 1 contained nine varicosities, whereas zone 2 contained the contiguous SN neurites with two varicosities. The stump and distal portion of the SN axon are located in the bottom right of the micrograph. The SN cell body is 200 m from the portion of the axon in the bottom right. C, EPSPs evoked before (Pre) and after (Post) 20 sec application of 5-HT to Zone 1 and Zone 2. The initial EPSPs were evoked 10 min before focal application, and test EPSPs were evoked 15 sec after application. The initial EPSP for testing the effect of 5-HT on zone 2 was evoked 20 min after test EPSP for zone 1. In half of the preparations, application to the zone with SN neurites preceded application to the zone with SN varicosities. Note that the EPSP triggered an action potential in L7 after 5-HT application to zone 1. Vertical bar, 20 mV; horizontal bar, 50 msec. Images from two focal planes were superimposed to identify all SN varicosities. Zone 1 contained 11 varicosities, whereas zone 2 contained the contiguous SN neurites with three varicosities. The SN cell body is ϳ400 m away from area in bottom right. C, EPSPs evoked before (Pre) and after (Post) 20 sec application of FMRFamide to zone 1 and zone 2. The initial EPSPs were evoked 10 min before focal application, and test EPSPs were evoked 15 sec after application. The initial EPSP for testing the effect of FMRFamide on zone 2 was evoked 20 min after the test EPSP for zone 1. In half of the preparations, the order of application to respective zones was reversed. Vertical bar, 10 mV; horizontal bar, 50 msec.
Application of 5-HT to the regions with SN varicosities (n ϭ 8 cultures) resulted in a significant increase in the amplitude of the EPSP of 51.0 Ϯ 10.8% (Dunnett's t ϭ 5.143; p Ͻ 0.01), whereas application of 5-HT for up to 60 sec to the cell bodies of the same SNs failed to evoke a significant change (Dunnett's t ϭ 1.556; p Ͼ 0.2). The change evoked by 5-HT applied to regions along the L7 axon containing SN varicosities was significantly greater than the change evoked by 5-HT applied to the cell body (Scheffe's F ϭ 8.254; p Ͻ 0.01). Similarly, application of FMRFamide to regions with SN varicosities (n ϭ 8 cultures) depressed the EPSP amplitude by Ϫ56.8 Ϯ 7.5% (Dunnett's t ϭ 2.912; p Ͻ 0.05) compared to Ϫ11.8 Ϯ 3.9% when applied for up to 60 sec to the cell body (Dunnett's t ϭ 1.043; p Ͼ 0.3). The decline with FMRFamide applied to SN varicosities along the axons of L7 was greater than the change evoked with applications to the SN cell body (Scheffe's F ϭ 4.491; p Ͻ 0.01).
Applications of the neuromodulators to regions along L7 axons with SN varicosities, but not to SN cell bodies, also modulated synaptic efficacy when connections were first depressed by lowfrequency stimulation of the SN (Fig. 5) . Low-frequency stimulation (10 -12 stimuli at 30 sec intervals) evoked homosynaptic depression and reduced the efficacy of the synapses to ϳ30% of the initial level. When the amplitude of the depressed EPSP just before neuromodulator application was normalized to 100%, 5-HT applied to regions with SN varicosities increased significantly (F ϭ 14.65; p Ͻ 0.001) EPSP amplitude by about twofold to 204.1 Ϯ 19.3 and 173.1 Ϯ 23.5%, respectively, for the two EPSPs evoked after application (n ϭ 8 cultures; Fig. 5A ). By contrast, application of the 5-HT to the cell bodies of the same SNs failed to evoke a significant change in the amplitudes of the two EPSPs evoked after application (95.0 Ϯ 3.8 and 93.0 Ϯ 8.5%, respectively) of the EPSP amplitude recorded just before the application. FMRFamide evoked parallel changes ( Fig. 5B ; n ϭ 8 cultures). When applied to regions with SN varicosities, FMRFamide depressed significantly (F ϭ 13.855; p Ͻ 0.001) the amplitude of the next two EPSPs to 40.0 Ϯ 4.5 and 60.0 Ϯ 11.4%, respectively, of the EPSP evoked before transmitter application. As was the case with 5-HT, applications to the cell bodies of the same SNs failed to evoke a significant change in the amplitude of the next two EPSPs (96.8 Ϯ 2.9 and 92.7 Ϯ 2.3%, respectively; Fig. 5B ).
Thus, short-term changes in synaptic efficacy with brief applications of 5-HT and FMRFamide are evoked only when the neuromodulators bind receptors at or close to SN varicosities.
Distribution of receptors for evoking excitability changes in SN differ for 5-HT and FMRFamide and are regulated by interaction with the target
In addition to evoking changes in synaptic efficacy, the neuromodulators evoke changes in SN excitability Critz et al., 1991) . We therefore assayed for changes in SN excitability with focal applications of the neuromodulators to determine whether binding to receptors at specific sites along the surface of SNs is required for evoking changes in excitability.
An excitability increase in SNs with focal application of 5-HT was evoked only when the neuromodulator was applied on the SN cell body, whereas an excitability decrease in SNs was evoked only when FMRFamide was applied focally to regions along the L7 axon with SN varicosities (Fig. 6 ).
Focal application of control solutions to any of the four regions depicted in Figure 1 evoked no change in SN excitability (n ϭ 6 cultures). Application of 5-HT to regions with SN varicosities (a site where 5-HT evoked a change in synapse efficacy; see Figs. 4, 5) failed to evoke any change in excitability, whereas application to the cell bodies of the same SNs (n ϭ 7 cultures; see Fig. 1C ) evoked a significant (Dunnett's t ϭ 5.386; p Ͻ 0.01) increase of 2.4 Ϯ 0.3 action potentials above the threshold response (Fig. 6) . Applications of 5-HT to the cell body evoked a membrane depolarization of 4 -10 mV that fully reversed within 10 sec when excitability was monitored with the next current injection. Applications to all other regions, including applications up to 60 sec to the region of the SN axon nearest the cell body (see Fig. 1 D) , failed to evoke any significant membrane depolarizations (0 -2 mV) or excitability changes that could be detected by the intracellular electrode in the SN cell body.
Focal applications of FMRFamide evoked a change in SN excitability only when applied to a region along the L7 axon with SN varicosities (Fig. 6 ). Applications to regions with SN varicosities (n ϭ 5 cultures) evoked a significant (Dunnett's t ϭ 12.095; p Ͻ 0.01) decline of Ϫ3.2 Ϯ 0.4 action potentials, whereas applications to the cell bodies of the same SNs evoked a change of Ϫ0.4 Ϯ 0.5 action potentials that was not significantly different (Dunnett's t ϭ 0.855) than the change evoked with control solution (Fig. 6) . As was the case with 5-HT, there was a correspondence between evoking excitability change and membrane polarization. When applied to regions with SN varicosities, FMRFamide evoked transient hyperpolarizations of Ϫ5 to Ϫ13 mV. The membrane began to repolarize during the application and typically recovered to baseline when excitability was tested. Applications to other regions, including regions with SN neurites without varicosities, evoked transient changes in membrane potential from Ϫ2 to ϩ1 mV. Applications of FMRFamide for up to 60 sec to regions with SN neurites and few varicosities (n ϭ 4 cultures) failed to evoke a significant change in excitability (a decline of one action potential in one of the four cultures examined; data not shown).
We recently found (Sun and Schacher, 1996) that the presence of the target motor cell regulates the relative distribution of different functional 5-HT receptors. We therefore examined the ability to modulate excitability with applications of neuromodulators on the cell bodies of SNs maintained in culture alone without a motor cell. Under these conditions (Fig. 7) , application of either 5-HT (n ϭ 5 cultures) or FMRFamide (n ϭ 5 cultures) evoked significant changes in excitability compared to controls (n ϭ 5 cultures). Application of 5-HT resulted in a significant increase of 4.2 Ϯ 0.7 action potentials (Dunnett's t ϭ 5.612; p Ͻ 0.01), an increase that is larger than the one evoked when 5-HT is focally applied to the SN cell body in the presence of L7 (see Fig. 6 B; Scheffe's F ϭ 2.755; p Ͻ 0.04). In the absence of L7, focal application of FMRFamide on the SN cell body now evoked a significant decrease (Dunnett's t ϭ 4.009; p Ͻ 0.01) in excitability Figure 5 . Focal applications of neuromodulators on SN varicosities, but not SN cell body, evoke change in the efficacy of SN-L7 connections first depressed by homosynaptic stimulation. A1, B1, Examples of two EPSPs evoked before (Pre; stimuli Ϫ2 and Ϫ1) and after (Post; stimuli 1 and 2) focal application of 5-HT (A1) or FMRFamide (B1) on the SN varicosities (SN Term) and cell body (SN CB). All EPSPs in A1 and B1 were evoked in the same culture. The order of application to each region was reversed for half of the cultures. A 20 min interval separated tests for change in synapse efficacy evoked by neuromodulator at different sites in each culture. Vertical bars, 10 mV; horizontal bars, 25 msec. A2, B2, Summary of the changes evoked by applications of 5-HT (A2) or FMRFamide (B2) on SN varicosities (Term) and SN cell body (CB). Each point is the mean Ϯ SEM change in the EPSP normalized for each culture to the EPSP amplitude evoked just before application of neuromodulator (stimulus Ϫ1). One-factor ANOVAs indicated that both 5-HT and FMRFamide evoked significant changes in EPSP amplitude when applied to the varicosities but not to the cell bodies. Each EPSP evoked after applications of the neuromodulator to the varicosities was significantly different (Scheffe's F tests) than the corresponding EPSP evoked after applications of the neuromodulator to the cell body.
of Ϫ3.0 Ϯ 0.6 action potentials (Fig. 7) . This change was significantly different than the change evoked by FMRFamide applied to the cell bodies of SNs that interact with L7 (see Fig. 6 B; Scheffe's F ϭ 3.703; p Ͻ 0.02). Thus, interaction with L7 appears to lead to an alteration in the local distribution of functional receptors for neuromodulators on the surface of the SN.
DISCUSSION
The results reported here extend earlier studies on the sitespecific actions of neuromodulators (Clark and Kandel, 1984; Hammer et al., 1989; Clark and Cooper, 1993; Emptage and Carew, 1993) and suggest that functional receptors for 5-HT and FMRFamide on SNs that have established stable, fast excitatory contacts with a target neuron are not distributed uniformly. Functional receptors for 5-HT are enriched at or near SN varicosities to mediate short-term changes in synaptic efficacy, and at the cell body to mediate short-term changes in excitability. FMRFamide receptors are enriched at or near SN varicosities where they mediate changes in both synaptic efficacy and excitability. The differential distribution of receptors on the surface of SNs that interact with a single target cell in vitro parallels the distribution for these receptors that is predicted by the pattern of immunostaining for varicosities that contain the neuromodulators in the intact nervous system of Aplysia. Detectable immunoreactive staining for 5-HT is found both in varicosities directly apposed to the surface of SN cell bodies and other cells in the central ganglia and in processes and varicosities in the neuropil of the ganglia (Kistler et al., 1985; Zhang et al., 1991) . By contrast, strong immunoreactive staining for FMRFamide is primarily concentrated in processes and varicosities in the neuropil and within the cell bodies of neurons that synthesize the neuropeptide, but is rarely observed in varicosities directly apposed to neuronal cell bodies (Brown et al., 1985; Schaefer et al., 1985; Lloyd et al., 1987) . Furthermore, our results in culture suggest that the differential distribution of G-protein-coupled receptors for neuromodulators on a presynaptic neuron can be regulated by interactions between the presynaptic neuron and its own targets, and does not require direct interactions with interneurons that synthesize and release the neuromodulators.
The site-specific actions of the neuromodulators on changes in synaptic efficacy or excitability most likely are attributable to uneven distribution of functional receptors along the surface of the SNs and not to a restriction in the diffusion of locally generated second messengers to the critical areas (terminals or cell body) where changes in function are expressed. Functional receptors for FMRFamide appear to be highly enriched at regions with SN varicosities. FMRFamide evoked a transient but large hyperpolarization in the SN cell body with applications to distal varicosities, but little or no hyperpolarization when neuromodulator was applied to neurites in more proximal regions or to the SN cell body itself. Receptors for 5-HT appear to be enriched in regions at or near SN varicosities and on the SN cell body. Local applications of neuromodulators to SN neurites adjacent (within 50 m) to regions with SN varicosities or to SN axon adjacent to the cell body failed to evoke significant changes in the properties of SNs. This distance is small enough to allow the diffusion of cAMP the levels in varicosities and processes of which are increased significantly with bath applications of 5-HT (Backsai et al., 1993) . In addition, cAMP injected directly into the SN cell body can diffuse rapidly in some instances and for considerable distances (250 -500 m) to SN terminals to evoke increases in synapse efficacy (Schacher et al., 1993) .
Our results suggest that interaction with a postsynaptic target influences the distribution of functional presynaptic receptors for neuromodulators. There appears to be a net decrease in density of functional receptors for the neuromodulators on the SN cell bodies when SNs interact and form connections with L7. The same local applications of FMRFamide that failed to evoke a change in excitability when SNs are in contact with L7 evoked significant changes in excitability when SNs were plated alone. The apparent density of functional receptors for 5-HT on SN cell bodies is also reduced when SNs are in contact with L7. We recently reported (Sun and Schacher, 1996) that interaction with L7 also affected the distribution of different functional receptors for 5-HT (Mercer et al., 1991; Emptage and Carew, 1993) . In the absence of the target, excitability changes evoked by 5-HT are mediated primarily by cyproheptidine/methiothepin-sensitive receptors. In the presence of a target neuron and synaptic connections, excitability changes are mediated primarily by other receptors insensitive to the 5-HT antagonists. In addition, there was a time-dependent increase in the contribution of antagonistsensitive receptors toward enhancement of synaptic efficacy with 5-HT. These results (Sun and Schacher, 1996) plus results reported here suggest that interaction with the target cell L7 leads to changes in the distribution of functional receptors for FMRFamide on the cell body, for cyproheptidine/methiothepin-sensitive 5-HT receptors at or near the SN varicosities, and for these same functional receptors on the SN cell body.
The distribution of functional receptors for 5-HT and FMRFamide on the surface of SN cell bodies and the regenerated SN neurites and varicosities in culture occurs in the absence of neurons that synthesize or release 5-HT or FMRFamide. This distribution parallels the distribution that might be expected in the intact nervous system (see above). Our results raise the possibility that enrichment of G-protein-coupled receptors to 5-HT and FMRFamide at or near SN terminals in vitro may be an intrinsic property of the presynaptic structures that develop and mature as transmitter release sites with specific plastic capabilities. These receptors for neuromodulators may be utilized first by developing presynaptic growth cones to respond to environmental cues as they extend and form stable connections (Haydon et al., 1984; Goldberg et al., 1989) . The growth cones of regenerating SNs (Belardetti et al., 1986) as well as growth cones of neurons in other invertebrate and vertebrate systems have receptors and appropriate signal transduction machinery for responding to neuromodulators (Lohof et al., 1992; Davenport et al., 1993; Zheng et al., 1994; Kater and Rehder, 1995) . With maturation, other cellcell interactions between the postsynaptic target and presynaptic terminals may refine the overall density of a specific receptor or relative contribution of different receptor subtypes expressed by the presynaptic neuron (Sun and Schacher, 1996) . Future studies will be directed at determining the identity of the extracellular signals and intracellular pathways by which cell-cell interactions influence the expression and distribution of receptors and their signal transduction machinery mediating different forms of synaptic plasticity.
